OBJECTIVE: To investigate whether human preadipocytes possess a complete functional renin angiotensin system. MEASUREMENTS: Gene expression of angiotensinogen, renin, renin binding protein, angiotensin converting enzyme (ACE) and angiotensin II (ang II) receptor type 1 in human preadipocytes; ACE protein and ang II production of human adipose tissue stromal cells differentiated or not in primary culture. RESULTS: All genes mentioned above were found to be expressed in human preadipocytes. ACE was translated into protein as detected by western blot. Ang II was secreted both by undifferentiated preadipocytes and immature adipocytes, and its production was signi®cantly elevated in differentiated cells. CONCLUSIONS: Preadipocytes from human adipose tissue express a functional renin angiotensin system (RAS).
Introduction
The renin angiotensin system (RAS) is one of the main regulators of¯uid and electrolyte homeostasis and blood pressure. The components of the classical RAS, angiotensinogen, renin and angiotensin converting enzyme (ACE), are synthesized in liver, kidney and various tissues, respectively. They interact with each other in the circulation to produce the peptide hormone angiotensin II (ang II). Binding of ang II to its receptors is ®nally responsible for vasoconstriction, aldosterone secretion and other effects (for reviews see Refs 1, 2) . Besides the classic RAS, a local production of components of the RAS has been found, mostly in organs of cardiovascular regulation like heart, vascular wall, adrenals and brain (for review see Ref. 3) . In white and brown adipose tissue from rodents, local production of angiotensinogen has been described repeatedly. 4 ± 9 In addition, evidence for renin activity has been obtained in rat brown adipose tissue 10 and for ACE in human adipose tissue. 11 Ang II receptor type1 (AT1) was found in rat and human adipocytes, 12 and its mRNA in mouse adipose tissue. 13 These observations suggest the existence of a functional local RAS in adipose tissue. In humans, there is a well known association between hypertension and obesity. 14 The causal relationship for the frequent coexistence of both diseases has not been elucidated yet. There is a possibility that human adipose tissue regulates blood pressure by its own local RAS. To date, most emphasis has been laid on mature adipocytes from rodent adipose tissue. The following study was performed to ®nd out if preadipose cells from human adipose tissue might express genes from the RAS, which would be a prerequisite for any role in blood pressure regulation.
Materials and methods

Cell preparation
Human subcutaneous adipose tissue for the preparation of preadipocytes was obtained during abdominal or breast plastic surgery from healthy women or men aged 22 ± 40 y. During the whole preparation, the tissue was kept in 0.9% NaCl. Connective tissue and visible blood vessels were removed manually. The resulting pieces were transferred to a collagenase solution containing 1 mgaml collagenase, 15 mga ml bovine serum albumin (BSA), (Biomol, Hamburg, Germany), 100 mM 2-[-4-(2 -hydroxyethyl)1 -piperazinyl] -ethan -sulfonic acid (HEPES), pH 7.4, 120 mM NaCl, 50 mM KCl, 1 mM CaCl 2 and 5 mM glucose, were they were minced with scissors and digested at 37 C for 30 min in a water bath shaker. The suspension was passed through a 250 mm nylon ®lter, the¯oating adipocytes were removed, and the remaining solution was passed through a 30 mm nylon ®lter. Cells were sedimented by centrifugation at 700 g for 7 min and resuspended in medium 199 with Earle's salts containing 100 Uaml penicillin, 0.1 mgaml Streptomycin and 10% fetal calf serum (M199 medium). Cells equivalent to 10 g original tissue were placed in one 24 well plate and allowed to settle. After 16 ± 18 h, erythrocytes were removed by washing the cells three times.
Adipocytes differentiated in primary culture were termed`immature adipocytes' to clearly distinguish them from mature adipocytes directly isolated from adipose tissue.
Cell culture
One day after removal of erythrocytes, the M199 medium was changed to a serum free medium consisting of Dulbecco's modi®ed Eagle's mediuma Ham's Nutrient Mixture F-12 (3:1, without phenol red), 100 Uaml penicillin, 0.1 mgaml streptomycin, 30 mM NaHCO 3 , 1 mM biotin, 17 mM pantothenate, 2 mgaml transferrin, 1 mM insulin (SD 6 medium) supplemented with 1 nM human recombinant basic ®bro-blast growth factor (bFGF) alone or in combination with 50 nM cortisol. Until cells reached con¯uence, supplemented SD 6 medium was changed every two days. Con¯uent cells were maintained in SD 6 medium alone or supplemented with 100 nM cortisol, 500 mM isobutylmethylxanthine (IBMX) or both, during the ®rst six days, followed by SD 6 medium alone for the remaining six days. During this time, media were changed every three days. During culture, cells were incubated in humi®ed atmosphere with 5% CO 2 at 37 C.
Glycerol-3-phosphate dehydrogenase (GPDH) measurement
To determine speci®c GPDH activity, cells were scraped off into 500 ml 50 mM Tris-HCl, pH 7.5 containing 1 mM EDTA and 1 mM mercaptoethanol and lysed by soni®cation. GPDH assay was performed essentially as previously described. 15 The protein content of the lysate was measured by the method of Bradford.
16
Reverse transcription polymerase chain reaction (RT-PCR) assay Cell lysis. Cultured cells were scraped off into 20 ml NP40 buffer per well and nuclei were removed by centrifugation at 12 000 g and 4 C for 3 min.
17
Reverse transcription. Total RNA in the cell lysate was reverse transcribed in 35 ml using 0. C and extension at 74 C. The following programs and annealing temperatures were used: 5 cycles 68 C, 5 cycles 64 C followed by 3 cycles 60 C for 18s-rRNA; 5 cycles 68 C, 5 cycles 64 C followed by 20 cycles 60 C for angiotensinogen; 5 cycles 68 C, 5 cycles 64 C followed by 16 cycles 60 C for AT1 and renin binding protein (RBP); 5 cycles 58 C, 5 cycles 54 C followed by 18 cycles 50 C for renin and ACE. Cycle numbers were chosen within the exponential phase of each PCR (data not shown). Except for the 18s-rRNA, PCR primers were designed to span exon boundaries so as to be able to distinguish between reverse transcribed mRNA and genomic DNA. 18s-rRNA primers were 5
H -GGACACGGA-CAGGATTGACAGAT-3
H and 5
H so as to amplify bases 1274 to 1456 of the human 18s-rRNA gene. 18 Angiotensinogen primers were 5
H -CTACAGCAGAAGGGTATGC-GGAA-3 H (exon 1a2) and 5 Cloning and sequencing of PCR fragments. RTPCRs used for cloning of fragments were performed with primers identical to those described above, but extended by an EcoRI restriction enzyme cutting site with two additional bases on the 5 H end of primer 1 (5 H -CCGAATTC F F F ) and by a XhoI restriction enzyme cutting site with two additional bases on the 5 H end of primer 2 (5 H -TACTCGAG F F F ). The resulting fragments were treated with the corresponding restriction enzyme, ligated into a pGEM-3Z plasmid vector that had been linearized with EcoRI and Sa1I and introduced into E.coli DH5a cells. The fragments containing vectors were sequenced using the chain termination dideoxy method. 27 Southern blot. 9 ml of each PCR reaction were separated in a 2% agarose gel and afterwards transfered onto a nylon membrane by capillary blot. The DNA Local RAS in human preadipocytes P Schling et al was UV crosslinked to the nylon membrane, hybridized to the digoxigenin(DIG)-labelled probe (prepared by PCR reaction with DIG-dUTP and the sequenced fragments as template following the manual supplied by the manufacturer) and signals were detected on x-ray ®lm (Fuji, Tokyo, Japan) using the protocol supplied with the DIG labeling and detection kit from Boehringer. Densitrometric scanning of the resulting bands was performed using the Bio1D densitometric system from Vilbert Lourmat (Marne la Velle Âe, France). To correct for differences in RNA content of cell lysates and RT ef®ciency, each signal was divided by the corresponding 18s-rRNA signal.
Renin activity
Media were frozen immediately in liquid nitrogen. Cells were scraped off into 50 mM Tris-HCl, pH 7.5 containing 1 mM EDTA and 1 mM mercaptoethanol, lysed by soni®cation and subsequently frozen in liquid nitrogen. For trypsin activation 500 ml media or lysates were incubated with 0.32 U trypsin coupled to agarose beads for 6 h at 4 C. Active renin was then measured using a commercially available radioisotopic assay following the manual supplied by the manufacturer.
ACE western blot
Preadipocytes were homogenised in PBS (10 mM NaH 2 PO 4 , 10 mM Na 2 HPO 4 , 150 mM NaCl, pH 7,4) 2 mM EDTA with the Potter S homogeniser (Braun Melsungen, Germany). The homogenates were centrifuged at 16 000 g for 1 h at 4 C. After centrifugation the supernatant was carefully removed and discarded, and the pellet was resuspended in PBS. Protein concentration was determined by the method of Bradford. 16 20 mg membrane proteins were subjected to SDSa10%-PAGE. 28 10 mg of HepG2 membranes and 20 ng ACE puri®ed from rabbit lung were also loaded as negative and positive control, respectively. The separated proteins were electroblotted onto nitrocellulose membrane for 1 h at 100 mA. The membrane was blocked using PBS containing 5% (wav) milkpowder and 0.2% Nonidet P40 (NP40) for 1 h at room temperature, followed by 1 h incubation with the mouse monoclonal anti-ACE antibody C78a2a1, diluted 1:1000. After washing with PBS containing 0.2% NP40, membranes were incubated with the secondary antibody (horseradish peroxidaselinked rabbit anti-mouse IgG, Sigma, dilution 1:6000). Following further washing with PBS containing 0.2% NP40, membranes were treated with enhanced chemiluminescent (ECL) reagent and chemiluminescence was detected by exposure to x-ray ®lm.
Ang II measurements
Conditioned media that had been on the cell monolayer for three days (266 mlacm 2 ) were immediately frozen in liquid nitrogen. Ang II content was then measured using a commercially available radioimmunoassay (RIA) following the manual supplied by the manufacturer. 
Statistics
Results are presented as mean AE s.e.m. Statistical differences were calculated by student's t-test when data were normally distributed and by Mann-Whitney rank sum test when the normality test failed.
Materials
Culture media, fetal calf serum, collagen A and collagenase were obtained from Biochrom (Berlin, Germany), Bovine serum albumine and desoxynucleotides from Biomol (Hamburg, Germany). Nylon ®lters and RNAse inhibitor were purchased from Pharmacia (Uppsala, Sweden), penicillin, streptomycin and Taq-DNA-polymerase from PAN Systems (Nu Èrnberg, Germany). Cell culture plates were obtained from Costar (Cambridge, USA). Biotin, IBMX, HEPES and morpholinopropane sulfonic acid were from SERVA (Heidelberg, Germany). Transferrin, panthotenate, insulin, cortisol, nonidet (NP-40), trypsin coupled to agarose beads, and mineral oil were purchased from SigmaAldrich Chemie (Deisenhofen, Germany) and bFGF from BTS (St Leon-Rot1, Germany). The anti-von Willebrand factor-antibody was obtained from DAKO (Hamburg, Germany) and the anti-ACE-antibody, as well as the puri®ed rabbit ACE, were kindly provided by Prof. Dr Bu Ènning, Hoechst AG (Frankfurt, Germany). Random hexamers and the DIG-DNALabeling and Detection Kit were from Boehringer (Mannheim, Germany) and MMLV reverse transcriptase as well as the ECL reagent were from Amersham (Braunschweig, Germany). Oligonucleotide primers were synthesized by ARK (Darmstadt, Germany). Positive nylon membrane was obtained from Appligene (Pleasanton, USA), the active renin assay was purchased from Nichols Institute Diagnostics (San Juan Capistrano, USA) and the Ang II RIA from IBL (Hamburg, Germany). All other chemicals were purchased from Merck (Darmstadt, Germany).
Results
Cell culture
Con¯uent human preadipose cells in primary culture were not contaminated with endothelial cells, as there was no detectable immunohistochemistry for von Willebrand factor (data not shown). They
Local RAS in human preadipocytes P Schling et al differentiated upon induction with cortisol and IBMX. At day 12, an estimate of 80% of the cells were seen as lipid ®lled immature adipocytes under the microscope and GPDH speci®c activity rose from 60 mUamg on day 0 to 1400 mUamg on day 12 ( Figure 1 ). Cells induced with IBMX alone also differentiated, but to a lesser extent (880 mUamg). In the presence of cortisol alone, GPDH activities were similar to control values in the absence of inducers.
RAS gene expression
Standard RT-PCR reactions each gave a single band after detection on x-ray ®lm. No band was observed when RNA was omitted from the RT reaction mixture (Figure 2A ). The sequenced PCR products were identical to the expected DNA sequences.
± 26
The relative expression of angiotensinogen, renin, RBP, ACE and AT1 in human preadipose cells and immature adipocytes is illustrated in Figure 2B . The cells were signi®cantly different in their GPDH activity (P`0.05), immature adipocytes showing more than six times higher activities than preadipocytes. All ®ve gene transcripts could be detected reliably in preadipocytes and immature adipocytes 12 days after con¯uence. Angiotensinogen expression was signi®-cantly (P`0.01) elevated in immature adipose cells when compared to undifferentiated preadipose cells. Renin mRNA levels are also elevated, although signi®cance could not be reached.
The amount of the individual mRNAs tested differed greatly between the different patients, in comparison to data published from inbred rat strains and cell lines. 4 ± 9 This is not surprising, as human patients undergoing plastic surgery do not belong to a restricted genetic background andaor environment.
Proreninarenin secretion
All samples were trypsin activated before active renin assay. No distinction could therefore be made between prorenin and active renin. Proreninarenin activity could be detected in culture media from human preadipocytes (2.4 mUacm 2 ), in preadipocyte cell lysates (0.8 mUacm
2
) and immature adipocyte cell lysates (4.6 mUacm 2 ). Data are mean values of three samples and given per cm 2 of con¯uent cells.
ACE western blot
ACE protein could be detected in preadipocytes from all three preparations tested. The antibody is highly Figure 1 Time course of differentiation of human stromal vascular cells in primary culture. Cells were grown to con¯uence in SD 6 medium with basic ®broblast growth factor (bFGF) and cortisol, followed by induction of differentiation (day 0) with isobutylmethylxanthine (IBMX) with or without cortisol. Controls were obtained from cells incubated in insulin (SD 6 medium) alone or with cortisol. IBMX and cortisol were given during the ®rst six days followed by SD 6 medium alone, until day 12. Cells were harvested on the days indicated and speci®c glycerol-3-phosphate dehydrogenase (GPDH) activity was determined as described in Materials and methods. The values represent the means AE s.e.m. of four independent experiments. For correction of RNA content of cell lysates and RT ef®ciency, each signal was devided by the corresponding 18s-rRNA signal and expressed by taking the value obtained for undifferentiated preadipocytes as one. Differences are signi®cant at *P`0.05 and **P`0.01, respectively, using an unpaired student's t-test. The values represent the means AE s.e.m. of six independent experiments.
Local RAS in human preadipocytes P Schling et al speci®c, as shown in Figure 3 . In membranes from the human hepatoma cell line, HepG2, no signal was found while preadipocyte membranes showed a single band at approx 190 kDa. The positive control from rabbit lung is a little smaller, which is probably due to species differences.
Ang II secretion
Human preadipose cells and immature adipocytes secrete ang II as shown in Figure 4 . Ang II secretion is signi®cantly elevated in cultured differentiating cells, compared to undifferentiated cells (P`0.05), immature adipocytes secreting about twice as much ang II as preadipocytes (17.9 AE 2.2 pgaml vs 31.8AE 6.5 pgaml).
Discussion
A local RAS in adipose tissue has been proposed, mostly on the basis of studies on rodent adipose tissue, mature adipocytes and cell lines. 29 Less emphasis has been laid on the study of human adipose tissue parts, especially on the preadipocytes. We were interested in the possible role of undifferentiated cells in a human adipose tissue RAS, as adipose tissue contains undifferentiated preadipocytes, in addition to mature adipocytes.
Of course, in vivo, components of the RAS are liable to be taken up from the circulation and adipose tissue is always colocalised with blood vessels, that possess their own local RAS. 30 It is thus very hard to distinguish between components produced by the adipose tissue cells themselves and those taken up from the circulation, when the tissue or cells are investigated immediately after they have been taken from the body. We circumvented this problem by culturing the isolated preadipocytes for at least six days before undertaking any measurements.
Plasma renin, taken up by vascular tissue, for example, was decreased to low or undetectable levels within 48 h after nephrectomy in pigs and rats. 31 It can therefore be safely argued, that after at least six days of culture with repeated medium exchange, the proteins detected have been synthesised de novo in the cells and were not taken up from circulation.
Here we show the expression of the angiotensinogen, renin, RBP, ACE and AT1 genes in primary cultured preadipocytes from human adipose tissue. Renin and ACE were found to be translated into protein and ang II secreted into the culture medium. During adipose conversion, angiotensinogen and renin Angiotensin II (Ang II) secretion by human preadipose and adipose cells in primary culture. Cells were grown to conuence in insulin (SD 6 medium) with 1 nM basic ®broblast growth factor (bFGF) and 50 nM cortisol, followed by induction of differentiation with 500 mM isobutylmethylxanthine (IBMX) with or without 100 nM cortisol. Controls were obtained from cells incubated in SD 6 medium alone or supplemented with 100 nM cortisol. IBMX and cortisol were given during the ®rst six days, followed by SD 6 medium alone until day 12. Media were collected and ang II content measured as described in Materials and methods. The results given represent the means AE s.e.m. of 14 independent measurements for undifferentiated cells and of six independent measurements for differentiated cells. Cells were taken as undifferentiated if their speci®c glycerol-3-phosphate dehydrogenase (GPDH) values werè 130 mUamg and as differentiated if b 540 mUamg. Differences are signi®cant at *P`0.05 and ***P`0.001, respectively, using an unpaired student's t-test.
Local RAS in human preadipocytes P Schling et al expression, as well as ang II secretion, rose, suggesting that adipose tissue hypertrophy is accompanied by an increased activity of the tissue RAS.
As the circulating RAS is often thought to be responsible for the generation and maintenance of essential hypertension, 32 it is possible that the RAS in adipose tissue could contribute to the associations between hypertension and obesity. 14 
Conclusion
Human preadipose cells thus do take part in the adipose tissue RAS and it is therefore interesting to speculate about speci®c functions this paracrineaautocrine, or possibly even endocrine, RAS might have.
Studies are on the way to examine the regulation of the RAS components in human preadipose cells, which might clarify their functions and importance in the interplay between tissue and circulating RAS.
